Highly transparent Lu 2 O 3 ceramics with and without Nd 3+ and Eu 3+ dopants were fabricated by spark plasma sintering using a two-step pressure profile. A transmittance at 1080 nm for the Lu 2 O 3 ceramics sintered by as-received powders at a pressure of 100 MPa was 57%. By sintering ball-milled Lu 2 O 3 powders with 0.2 mass % LiF at a preloading pressure of 10 MPa, final pressure of 100 MPa, heating rate of 0.17 K s ¹1 , and sintering temperature of 1723 K, the transmittance at 1080 nm of the Lu 2 O 3 ceramics reached 8082% after annealing in air, i.e., nearly 100% of the theoretical value for no scattering. Finally, laser oscillation was demonstrated using 1 at.% Nd 3+ :Lu 2 O 3 transparent ceramics at 1076 and 1080 nm wavelengths, e.g., laser output of 0.2 W and slope efficiency of 14% for straight-cavity configuration.
Introduction
Among rare-earth sesquioxides (Y 2 O 3 , Lu 2 O 3 , and Sc 2 O 3 ), Lu 2 O 3 is the most promising gain medium for high-power and ultrashort pulsed lasers. 1),2) Nd 3+ -doped Lu 2 O 3 (Nd 3+ :Lu 2 O 3 ) is a candidate material for high-power lasers because of its higher thermal conductivity and nonlinear refractive index when compared with common laser materials such as Nd-doped yttrium aluminum garnet (Nd 3+ :YAG). 2) , 3) In addition, the cross-sections for the 4 F 3/2 ¼ 4 I 11/2 transition are larger than those of Nd 3+ : Y 2 O 3 and Nd 3+ :Sc 2 O 3 . 4) On the other hand, Eu 3+ :Lu 2 O 3 can be used as phosphor in imaging devices because the red emission from Eu 3+ ions matches the detection window of charge-coupled devices. 5) Lu 2 O 3 single crystals are difficult to grow owing to the high melting point of Lu 2 O 3 (2763 K). Thus, transparent ceramics are promising optical materials for use in solid-state lasers, phosphors, and scintillators. Transparent Lu 2 O 3 ceramics have been prepared via pressureless sintering techniques in vacuum or H 2 . Fully dense Nd 3+ :Lu 2 O 3 6)10) and Eu 3+ :Lu 2 O 3 11)15) ceramics are often fabricated with homemade nanopowders synthesized by co-precipitation methods, at high sintering temperatures (1773 2153 K), and at prolonged holding times (18.0172.8 ks).
An advantage of spark plasma sintering (SPS) over conventional sintering methods is that faster densification of transparent ceramics can be performed. Short holding times (<3.6 ks) and low sintering temperatures prevent grain coarsening and favor the fabrication of fine-grained highly transparent ceramics. 16) Although considerable attention has been paid to the fabrication of transparent ceramics using SPS, laser oscillation in SPS-based ceramics was not observed.
Because of short sintering times of SPS, the diffusion of pores through grain boundaries is difficult. Therefore, the control of applied pressure and heating rate during sintering needs to be optimized to fabricate highly transparent ceramics by inhibiting the formation of defects and eliminating pores. On the other hand, LiF has been used to aid sintering and produce transparent ceramics. 17) A small amount of LiF enhances grain growth and diffusional creep by increasing the lattice and grain boundary diffusivities 18) and reacts with residual carbon on particle surfaces to form volatile carbonfluoride gas. 17), 19) We have used a two-step pressure profile to fabricate highly transparent Lu-based oxide ceramics such as Lu 2 23) In this paper, we discuss the effects of the two-step pressure process, ball-milling pretreatment, and LiF addition on the densification and transmittance of Lu Chemical, Tokyo, Japan; 99.9% purity) commercial powders were used as starting materials. These powders were mixed by ball milling using zirconia balls in ethanol for 43.2 ks. The milled slurry was dried at 333 K for 86.4 ks, and the powders were ground and passed through a 200-mesh sieve. Then, the powders were calcined at 1273 K in air for 7.2 ks and sintered using an SPS apparatus (SPS-210LX, Fuji Electronic Industrial, Japan) in vacuum.
A two-step pressure and heating process was used in the SPS (Fig. 1) . The sintering temperature was increased to 873 K in 180 s and to 1373 K in 300 s and then maintained at 1373 K for 300 s (1st stage in Fig. 1 ). The temperature was further increased to 1723 K at 0.031.67 K s ¹1 and maintained at 1723 K for 2.7 ks (2nd stage in Fig. 1 ). Preload of 10100 MPa was applied at room temperature to 1373 K and was subsequently increased to 100 MPa at temperature above 1373 K. Both sides of the specimens were mirror polished. The thickness of the specimens was 1 mm.
The displacement of the punch rod (shrinkage of specimen) was monitored during sintering. The relative density (µ t ) during SPS sintering at sintering time t was calculated from µ t = µ 0 (d 0 /d t ), where µ 0 is the relative density of the sintered ceramics. µ 0 was measured using the Archimedes' principle in distilled water. d 0 and d t are the thicknesses of the sintered ceramics after sintering and at time t, respectively. d t was calculated from the displacement of the punch rod corrected for the thermal expansion of a graphite die.
Crystal phases were identified by X-ray diffraction (RAD-2C, Rigaku, Japan). The sintered ceramics were thermally etched at 1573 K in air for 3.6 ks. A field-emission scanning electron microscope (FESEM, JSM-7500F, JEOL, Japan) was used to observe the ball-milled powders and the thermally etched surfaces of the sintered ceramics. The average grain size was determined from the linear intercept length using SEM micrographs under the assumption that the grain size is 1.56 times the mean intercept with at least 250 grains. 24) Thermal conductivity (¬) was calculated from ¬ = DC p ¡, where C p , ¡, and D denote specific heat, thermal diffusivity, and density, respectively. C p and ¡ were measured by the laser flash method (ULVAC TC-7000, Japan) in vacuum at room temperature.
The in-line transmittance was measured using a spectrophotometer (UV-3101PC, Shimadzu, Japan) in a wavelength range of 1902500 nm. For Nd 3+ :Lu 2 O 3 ceramics, the fluorescence spectrum excited by an 808-nm laser diode was recorded using a spectrofluorometer (Fluorolog-3, Jobin Yvon, France) at room temperature. Laser oscillations in Nd 3+ :Lu 2 O 3 ceramics were demonstrated using end-pumping configurations with fibercoupled laser diodes. 25) , 26) For Eu 3+ :Lu 2 O 3 ceramics, the fluorescence spectrum excited at a wavelength of 466 nm and the decay curve at a wavelength of 615 nm were obtained using a fluorescence spectrophotometer (F-7000, Hitachi, Japan) at room temperature.
Results and discussion

Effects of preloading pressure and heating rate
High pressure promotes the densification of Lu 2 O 3 ceramics. 27) Almost fully dense transparent Lu 2 O 3 ceramics were obtained at pressures of 60100 MPa. A transmittance at 1080 nm was 57% at a pressure of 100 MPa. Because the theoretical transmittance at 1080 nm of Lu 2 O 3 is 82.2% based on the reflective losses of both surfaces, 28) the observed transmittance was 69% of the theoretical value for no scattering. Although higher pressure resulted in greater densification, high pressures at low temperatures may increase the concentration of defects; this will degrade the transparency, and laser oscillation will not be achieved.
A two-step pressure profile can be used to obtain dense ceramics with improved transparency. 29) Figure 2 shows the shrinkage curves of the densification of Lu 2 O 3 ceramics under various preloading pressures and heating rates. During the first step, when high pressures were applied, the initial packing density increased from 42 to 55%, and densification commenced earlier [ Fig. 2(a) ]. During the second step, when high pressure was applied, the densification increased significantly. This change was more pronounced when the pressure applied during the first step was low.
The preloading pressure affected not only the initial packing but also the starting time of densification increase. Pressure directly affects particle rearrangement and increases the compaction of particles at the first sintering stage. However, the high preloading pressure at the first stage likely increases defect concentration and causes isolated pore formation at grain boundaries. Therefore, the applied load at the first stage must not be high. At the second sintering stage, high pressure can cause rapid densification by plastic deformation and particle sliding. Densification at the final stage might be driven by grain boundary diffusion associated with grain growth, and thus, similar sintering curves were observed regardless of the preloading pressure.
The heating rate used after the application of the final pressure The in-line transmittance of the Lu 2 O 3 ceramics was the highest when moderate pressure was applied during the first step and low heating rate was used during the second step (Fig. 4) . The preloading pressure affected the transparency more strongly when compared with the heating rate. A transmittance of 74% at 1080 nm (90% of the theoretical value for no scattering) was obtained at a preloading pressure of 30 MPa, final pressure of 100 MPa and heating rate of 0.17 K s ¹1 .
Ball-milling pretreatment
The pretreatment of the starting powders improved the transparency of Lu 2 O 3 ceramics in the visible and ultraviolet regions. 30) The as-received Lu 2 O 3 powder had large and irregularly shaped particles with an average diameter of 6¯m [ Fig. 5(a) ]. After ball milling with zirconia balls, the average diameter decreased to 0.3¯m [ Fig. 5(b) ]. Figure 6 shows the relative densities of Lu 2 O 3 ceramics sintered at 1723 K using the as-received and ball-milled powders. The initial density of the ball-milled powders was 39%, which is slightly greater than that of the as-received powders (38%). When the final pressure was applied, the relative density of the ball-milled powders was 55% and was higher than that of the as-received powders (52%). This might be attributed to the high flowability of the ball-milled powders. In contrast, after the pressure was increased to 100 MPa, when compared with the ball-milled powders, the relative density of the as-received powders increased more quickly and the densification process finished earlier. The final relative density of Lu 2 O 3 ceramics fabricated using both powders was almost the same and was more than 99.5% of the theoretical value. Lu 2 O 3 ceramics sintered using the ball-milled powders had larger grain size with wider size distribution (0.91 « 0.14¯m) than when the as-received powders were used (0.68 « 0.05¯m). Figure 7 shows the transmittance of Lu 2 O 3 ceramics fabricated using the as-received and ball-milled powders. For as-sintered Lu 2 O 3 ceramics, the use of the as-received powders resulted in higher transmittance (70% at 1080 nm) when compared with the ball-milled powders (41% at 1080 nm). The high concentration of defects in the specimens fabricated using ball-milled powders is attributed to the formation of surface defects during ball milling.
After annealing in air at 1323 K for 43.2 ks, the overall transmittance of Lu 2 O 3 ceramics increased significantly, and the transmittance at 1080 nm increased to 79% (96% of the theoretical value for no scattering) for the as-received and ball-milled powders. Oxygen vacancies were compensated by annealing in air, producing colorless and highly transparent ceramics, particularly in the visible range. When compared with the as-received powders, the ball-milled powders yielded ceramics with higher transmittance in the visible range (230830 nm).
LiF addition
The addition of LiF powder promoted densification at the early stages of sintering and produced high-transparency Lu 2 O 3 ceramics. 31) Lu 2 O 3 and 5 at.% Nd 3+ :Lu 2 O 3 ceramics were sintered with LiF. Figure 8(a) shows the relative densities of the 5 at.% Nd 3+ :Lu 2 O 3 ceramics with and without LiF of 0.050.5 mass %. The initial density increased slightly with increasing LiF content, whereas densification was promoted with LiF at intermediate sintering time t = 480780 s. When the final pressure (100 MPa) was applied, the relative density increased significantly, in particular for 0.050.2 mass % LiF, and the relative density reached 99% before the final temperature (1723 K). Nd 3+ :Lu 2 O 3 ceramics without LiF showed fine microstructure 29) with average grain size of 0.34¯m in diameter [ Fig. 8(b) ]. The addition of LiF up to 0.2 mass % promoted grain growth in Nd 3+ :Lu 2 O 3 ceramics [ Fig. 8(c) ]. When the LiF content was 0.5 mass %, the specimens broke. A similar behavior was reported in SPS sintering of YAG with LiF. 17) Figure 9 shows the transmittance spectra of 5 at.% Nd 3+ : Lu 2 O 3 ceramics with and without 0.2 mass % LiF. The absorption peaks are attributed to the Nd 3+ ions. The overall transmittance increased with increasing LiF content of 00.2 mass % and then decreased as LiF increased to 0.5 mass %. A transmittance at 1080 nm for 0.2 mass % LiF was 79%.
After annealing at 1123 K in air for 21.6 ks, the gray color diminished and the overall transmittance increased. The transmittance at 1080 nm of 5 at.% Nd 3+ :Lu 2 O 3 ceramics with 0.2 32) In our studies, transparent Nd:Lu 2 O 3 ceramics were fabricated from commercially available powders at a low sintering temperature of 1723 K, and holding time was 2.7 ks. The sintering time including heating from room temperature to sintering temperature was 4.8 ks. SPS process is advantageous to fabricate highly transparent ceramics in low sintering temperatures and short sintering time, which was 3.836 times faster than that of pressureless sintering.
Laser oscillation using Nd 3© :Lu 2 O 3 ceramics
Transparent 1 at.% Nd 3+ :Lu 2 O 3 ceramics were prepared for lasing experiments. Sintering conditions were as follows:
preloading pressure of 10 MPa, final pressure of 100 MPa, heating rate of 0.17 K s ¹1 , LiF content of 0.2 mass %, and sintering temperature of 1723 K. The transmittance at 10761080 nm of the obtained ceramics was 81.8% after annealing at 1123 K in air, nearly 100% of the theoretical value. Figure 10(a) shows the XRD pattern of the 1 at.% Nd 3+ :Lu 2 O 3 ceramics. The XRD pattern was indexed as the cubic bixbyite structure (space group: Ia
3) (JCPDS card #43-1021). No secondary phases including LiF and Nd 2 O 3 were observed.
The 1 at.% Nd 3+ :Lu 2 O 3 ceramics had strong absorption bands at wavelengths 806 and 822 nm, which were assigned to the transitions from the 4 I 9/2 ground state to the 2 H 9/2 and 4 F 5/2 excited states of Nd 3+ ion, as indicated by arrows in inset of Fig. 9(a) . The absorption cross-sections of these two bands in the Nd 3+ :Nu 2 O 3 ceramics after annealing were 1.3 © 10 ¹20 and 1.8 © 10 ¹20 cm 2 , respectively. 25) These results agree with the results obtained for Nd 3+ :Lu 2 O 3 single crystal (2.0 © 10 ¹20 cm 2 at 806 nm for 1 at.% Nd 3+ ). 4) Figure 11 shows the photoluminescence spectrum of the 1 at.% Nd 3+ :Lu 2 O 3 ceramics pumped at wavelength 808 nm. The emission bands in the 870970, 10401160, and 13001500 nm ranges correspond to the transitions from 4 F 3/2 to 4 I 9/2 , 4 I 11/2 , and 4 I 13/2 states of the Nd 3+ ion, respectively. The strongest emission peaks were located at 1076 and 1080 nm and are attributed to the 4 F 3/2 ¼ 4 I 11/2 transition. The two lines at 1076 and 1080 nm contributed to simultaneous laser oscillation described below because of their similar emission intensities. The fluorescence decay time at 1076 nm was 229¯s. 25) Lu 2 O 3 has the cubic bixbyite structure (Fig. 12) . 33) The Lu cations have the fcc sublattice and occupy the C 2 (24d) and C 3i (8b) sites. The O anion occupies the 48e site. The bixbyite 3) It decreased to 8.5 W m ¹1 K ¹1 in the 5 at.% Nd 3+ : Lu 2 O 3 ceramics. This might be due to the difference of the atomic mass between Lu 3+ (174.97 g mol ¹1 ) and Nd 3+ (144.24 g mol ¹1 ). For transparent ceramics fabricated by pressureless sintering, the thermal conductivity of the 1 at.% Nd 3+ :YAG ceramics (10.7 W m ¹1 K ¹1 ) was the same as that of the 1 at.% Nd 3+ :YAG single crystal (10.5 W m ¹1 K ¹1 ). 34) However, the thermal conductivity of the 1 at.% Nd 3+ :Y 2 O 3 ceramics degraded to 5.5 W m ¹1 K ¹1 due to a large amount of sintering additives (10 at.% La 2 O 3 and 3 at.% ZrO 2 ). 35) Thus, Nd 3+ :Lu 2 O 3 ceramics fabricated by SPS process would benefit them as laser gain medium.
Laser oscillations using the 1 at.% Nd 3+ :Lu 2 O 3 ceramics were demonstrated with two types of laser cavities using end-pumping configurations (Fig. 13) . By using the straight cavity configuration, the maximum output power was 0.2 W and the slope efficiency was 14% (filled circles in Fig. 14) , 25) which is comparable to that of the Nd 3+ :Lu 2 O 3 ceramics (12% for 0.15 at.% Nd 3+ ) 10) and single crystal (17% for 1 at.% Nd 3+ ). 4) By using the V-type cavity configuration, the maximum output power of 0.6 W and the slope efficiency was 7% (open circles in Fig. 14) . 26) 
Luminescence in Eu 3© :Lu 2 O 3 ceramics
For luminescence measurements, 5 at.% Eu 3+ :Lu 2 O 3 ceramics were prepared at the same sintering conditions as the Nd 3+ :Lu 2 O 3 ceramics. The XRD pattern of the 5 at.% Eu 3+ :Lu 2 O 3 ceramics was indexed as the cubic bixbyite structure and no secondary phase was observed [ Fig. 10(b) ]. The transmittance from the visible to the near infrared range was close to the theoretical values [ Fig. 15(a) ]. After irradiation with ultraviolet light, 5 at.% Eu 3+ :Lu 2 O 3 ceramics exhibited significant red emission [inset in Fig. 15(a) ]. Figure 15 (b) shows the photoluminescence excitation and emission spectra of Eu 3+ :Lu 2 O 3 ceramics. The emission around 615 nm was due to the 5 D 0 ¼ 7 F 2 transition of the Eu 3+ ion at the C 2 site in the bixbyite structure. The fluorescence decay curve at 615 nm of the 5 at.% Eu 3+ :Lu 2 O 3 ceramics was fitted with a firstorder exponential equation and the decay time was 1.05 ms [inset in Fig. 15(b) ceramics, which exhibits a fast decay time of 1.05 ms, and the sintering temperature and sintering time of SPS process were 250400 K lower and 413 times faster than that of pressureless sintering, respectively.
Conclusions
Highly transparent Lu 2 O 3 , Nd 3+ :Lu 2 O 3 , and Eu 3+ :Lu 2 O 3 ceramics were fabricated by SPS using a two-step pressure profile. The preloading pressure affected the relative density, and the transmittance in the visible range was more sensitive to the preloading pressure than in the infrared range. The combination of ball milling and LiF addition significantly improved the transparency, and the transmittance reached almost 100% of the theoretical value in the wavelength range 10761080 nm. Transparent 1 at.% Nd 3+ :Lu 2 O 3 ceramics exhibited laser oscillation at wavelengths 1076 and 1080 nm with laser output of 0.2 W and slope efficiency of 14% for straight cavity configuration and 0.6 W and 7% for V-type cavity configuration. ³: at 800 nm; ‡: 5 D 0 ¼ 7 F 2 transition; n.r.: not reported; t denotes thickness of specimen in mm.
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